Observations for the δ Scuti star AN Lyn have been made between 2008 and 2016 with the 85-cm telescope at Xinglong station of National Astronomical Observatories of China, the 84-cm telescope at SPM Observatory of Mexico and the Nanshan One meter Wide field Telescope of Xinjiang Observatory of China. Data in V in 50 nights and in R in 34 nights are obtained in total. The bi-site observations from both Xinglong Station and SPM Observatory in 2014 are analyzed with Fourier Decomposition to detect pulsation frequencies. Two independent frequencies are resolved, including one non-radial mode. A number of stellar model tracks are constructed with the MESA code and the fit of frequencies leads to the best-fit model with the stellar mass of M = 1.70 ± 0.05 M ⊙ , the metallicity abundance of Z = 0.020 ± 0.001, the age of 1.33 ± 0.01 billion years and the period change rate 1/P · dP/dt = 1.06 × 10 −9 yr −1 , locating the star at the evolutionary stage close to the terminal age main sequence (TAMS). The O-C diagram provides the period change rate of 1/P · dP/dt = 4.5(8) × 10 −7 yr −1 . However, the period change rate calculated from the models is smaller in two orders than the one derived from the O-C diagram. Together with the sinusoidal function signature, the period variations are regarded to be dominated by the lighttravel time effect of the orbital motion of a three-body system with two low-luminosity components, rather than the stellar evolutionary effect.
INTRODUCTION
δ Scuti stars are pulsating variables locating in the classical Cepheid instability strip, on the main sequence or evolving from the main sequence to the giant branch (Breger 2000a,b) . The general consensus shows that most (possibly all) δ Scuti stars evolve in the main-sequence or the immediate post-main-sequence stages (Baglin et al. 1973; Breger 1979 Breger , 1980 . The amplitudes of pulsations in δ scuti stars are from mmag up to tenths of a magnitude (see, e.g., Niu et al. 2013 Niu et al. , 2017 Zong et al. 2015) . Their pulsation frequencies from ground-based observations are believed to be greater than 5 d −1 but smaller than 50 d −1 (Balona et al. 2015) , which is a good criterion for the variable classification. δ Scuti pulsators are divided into three groups based on the amplitude. The medium amplitude pulsators with visual amplitude between 0. m 1 and 0. m 3 are usually multiperiodic and the percentage of them is less than 5% (see the classification in, Rodriguez et al. 1994 Rodriguez et al. , 1997a . As one of the medium amplitude minority, AN Lyn is an interesting target of investigation for the pulsations and period variations.
AN Lyn (α2000 = 09 h 14 m 28 s , δ2000 = 42
• 46 ′ 38 ′′ , 10 m .58 in V , A7IV-V) is a multiperiodic δ Scuti star with the principal period of 0 d .09827 and the visual amplitude of ∼ 0 m .18 (Zhou 2002) . It has been observed from 1980 (Yamasaki et al. 1981) to 2016 with a large amount of data accumulated. The distance was estimated as 529 parsec by Peña et al. (2015) using the uvby − β photometry. A more convincing result was 720 ± 160 parsec, reported by Gaia satellite (Gaia Collaboration et al. 2016a,b; Arenou et al. 2017) . Rodriguez et al. (1997a) pointed out that AN Lyn is One can find that more than 90% data's precisions are better than 0 m .01. Bottom: mean photometric precision for all the runs of each telescope. XL stands for the 85-cm telescope in Xinglong station of National Astronomical Observatories of China. SPM stands for the 84-cm telescope at San Pédro Martir (SPM) Observatory of Mexico. XJ is the Nanshan One meter Wide field Telescope of Xinjiang Astronomical Observatory of China.
a nearly cold and evolved δ Scuti star with solar metal abundance based on uvby − β photometry, in which the 'nearly cold' means that AN Lyn is closer to the red edge of the instability strip than the blue edge. The last report of AN Lyn's stellar parameters is log g = 3.8 and log T eff = 3.8 (Peña et al. 2015) . With Fourier analysis, Rodriguez et al. (1997b) detected three independent frequencies, f1 = 10.1756, f2 = 18.1309 and f3 = 9.5598 d −1 , who denied that AN Lyn was a monoperiodic pulsator by earlier works. However, it is noticed that Zhou (2002) confirmed the existence of f1 and f2 but not f3 in his work.
As far as the O-C analysis, it was hard for Rodriguez et al. (1997b) to explain the unusual behaviour of AN Lyn. Since then, the binary nature has been gradually deduced from further O-C analysis. The O-C diagram shows a long-term increasing trend plus a fluctuating pattern. The long-term increasing trend is explained as the period increase due to the stellar evolution effect. Hintz et al. (2005) reported the period change rate dP/dt as 7.9×10 Li et al. (2010) provided the measurement of 2.09 (±0.51) × 10 Peña et al. (2015) reported the latest period change rate of 1.54×10
−10 d d −1 . The dramatic inconsistency comes from the under-sampling of the complex shape of the O-C curve. The fluctuating pattern in the O-C diagram is believed to be caused by the binary motion with the orbital period of ∼ 20 years. Hintz et al. (2005) reported the radial velocities of 11.4 km/s in 2003 and 36.8 km/s in 2004, respectively. The difference between these two values is taken as a proof of the binary nature. At the same time, the amplitude change of f1 was detected as sine function with nearly the same period of binary motion (Zhou 2002; Hintz et al. 2005; Li et al. 2010; Peña et al. 2015) . However, the reason for the amplitude variations is still an open question.
In order to study the pulsations and period changes of AN Lyn in detail and explore its evolutionary status, we made observations for AN Lyn between 2008 to 2016 and constructed theoretical models to constrain the stellar parameters. Section 2 introduces the observations. In Section 3, frequency analysis is performed with Fourier Decomposition. Section 4 provides constraints from theoretical models and Section 5 gives the O-C analysis. Finally, Section 6 and Section 7 present discussions and conclusions, respectively. The data are reduced with the standard procedure of CCD photometry. After bias and flat-field correction, aperture photometry is performed by using the DAOPHOT program of IRAF. Figure 1 shows a CCD image of AN Lyn, where a reference star (GSC 02990-00001) and three check stars (TYC 2990-221-1, GSC 02990-00139, GSC 02990-00335) are marked. The light curves were then produced by computing the magnitude differences between AN Lyn and the reference star and verified by the three check stars. Table 1 lists the observation runs and the mean photometric precisions of each run. Figure 2 shows the detailed distribution of photometric precisions at each night and the differences among three telescopes. One can find that the precisions in more than 90% observation nights are better than 0 m .01 and the typical photometric precision is around ∼ 0 m .006. There are 19 nights in which the precisions are better than 0 m .004. However, the precisions during four nights are worse than 0 m .01, in which the worst one is 0 m .016. The precisions differ among the three telescopes. The 84-cm telescope at San Pédro Martir (SPM) Observatory and the Nanshan One-meter Wide field Telescope of Xinjiang Astronomical Observatory perform consistently that their mean photometric precision for all the runs is 0 m .004 whereas the 85-cm telescope in Xinglong station shows a little worse result with the mean photometric precision of 0 m .006. There is no apparent distinction in different bands. The photometry in R shows a slightly larger error.
PULSATION PROPERTIES

Frequency Analysis
In this subsection, we report the frequency analysis of AN Lyn. The frequencies in V and R band are resolved using the Period04 package (Lenz & Breger 2004) with the Sigspec package (Reegen 2007) . To be convincing enough, we accept the frequencies which must appear in two bands from these two independent packages at the same time. Finally, Two independent frequencies, f0 = 10.172(2), f2 = 28.311(2) c/d, as well as their harmonics and combinations 2f0, f2 − f0, f2 + f0, are resolved and confirmed.
Firstly, the data of the bi-site observation campaign for AN Lyn in V in 2014 are used to perform Fourier Decomposition with the software Period04 to extract frequencies of pulsation. We correct the zero-points of the light curves in each night. The zero-points are set to zero by subtracting the mean value of the averaged maximum and minimum magnitudes in each night. Figure 3 shows the light curves of AN Lyn in V during the bi-site observation campaign in March of 2014. Figure 4 plots the spectral window and Figure 5 depicts the power spectra of the light curves and those after prewhitenings of frequencies. The frequencies with signalnoise ratio (S/N) higher than 4 are taken following the criterion of Breger et al. (1993) with the following formula,
where ai is the amplitude, fi the frequency, φi the corresponding phase. Table 2 lists the results of frequency analysis while Figure A1 depicts the fit curves and observed curves in detail. Eight frequencies are resolved with four independent ones identified: f0 = 10.1721 ± 0.0005, f1 = 10.251 ± 0.006, f2 = 28.311 ± 0.003, and f3 = 7.46 ± 0.01 d −1 . f0 is the most powerful signal, corresponding to the fundamental mode of AN Lyn with l = 0 and n = 0. The existence of f1 causes 'beat' phenomenon in light curves since its value is very close to f0. However, the frequency of f2 = 28.311 ± 0.003 d −1 should be an independent frequency with higher amplitude and larger S/N than those Table 2 . The circle stands for the amplitude in V band while the square is the amplitude in R band. Note that the amplitudes of f 0 in V band changed dramatically, especially in 2016. of the frequency of 18.125 ± 0.003 d −1 mentioned in previous works. The latter should be the linear combination of f2 − f0. Considering the frequency ratio of the fundamental to first overtone mode of 0.778 (Breger 2000a) , the first overtone mode is not detected. The other three frequencies, f1, f2, f3, should belong to nonradial modes of AN Lyn. As the frequency F = 0.77 ± 0.01 d −1 is located in the low frequency region of 0 − 5 d −1 , we do not take it as an intrinsic frequency of pulsation of AN Lyn. However, F is believed to be caused by the contamination from the variations of either the atmospheric transparency or the instability of the sensitivity of the detector during the nights.
Secondly, the data in R band are collected simultaneously and Fourier Decomposition is also performed after the zero-point correction. The power spectrum is shown in Figure 6 and the resolved frequencies are listed in Table 2 . Figure A2 shows the fit curves and the observed data. In order to avoid meaningless low frequencies, we scan the frequency in the range of 5 c/d to 50 c/d (Balona et al. 2015) . We find f0, 2f0, f1, f2, f2 − f0, f2 + f0 from the Fourier Decomposition in R band while f3 doesn't emerge, which is in general consistent with the results in V band. The disappeared frequency f3 is worth suspecting. Considering both the absence in R and the relatively low S/N in V with the value of 4.1, which is close to the lower limit of Breger's criterion, this frequency hence isn't considered as an real frequency.
Finally, Sigspec is implemented to the data in V and R in order to check the frequencies extracted from previous processes. This package is based on an analytical solution of the probability that a Discrete Fourier Transform (DFT) peak of a given amplitude does not arise from white noise in a non-equally spaced data set (Reegen 2007) . The statistical estimator called spectral significance (sig) are used to evaluate the reliabilities of peaks. Sigspec derives the frequencies by iteratively prewhitening the most significant frequency until the estimator 'sig' is less than 5. We find that the frequencies extracted by period04 show relative large significances hence they emerged at the first several frequencies from Sigspec. However, the frequency f1 = 10.251 d
doesn't appear from the Sigspec analysis. Considering that f1 −f0 is smaller than the frequency resolution 1/T where T is the observation duration, we don't accept f1 as a convincing frequency. Several frequencies with sig > 5 are extracted from Sigspec. However, they are not be accepted because of their absence in the results of the Period04 analysis.
Although there is not any apparent photometric precision difference between V and R, one can find that the frequencies resolved from the data in V in general show higher signal to noise ratios and lower errors than those from the data in R. Hence the former is used in the following analysis. In short, based on the data in V and R and the independent results from Period04 and Sigspec, five pulsation frequencies are resolved and two frequencies are identified as independent frequencies, which are f0 = 10.1721 ± 0.0005, f2 = 28.311 ± 0.003 d −1 , respectively.
Amplitude Variations
In order to study the amplitude variations from 8-year observations, 5 frequencies listed in Table 2 in V are used to fit light curves of AN Lyn with six datasets presented in this paper. We use the frequencies and combinations listed in Table 2 to fit the light curves. We select the runs with enough data and then the fitting is implemented in the runs respectively. The fitting curves and observed data are shown in Figure A3 for the light curves in V and in Figure A4 for the light curves in R, respectively. Table 3 and Table 4 list the amplitudes with errors of the 5 frequencies in the six datasets. Figure 7 shows the amplitude variations of the independent frequencies and their linear combinations. One can find that only the amplitude of the main frequency f0 in V decreased dramatically from 0 m .97 in 2008 to 0 m .76 in 2016 while the amplitudes of the other frequencies kept relatively stable. The variations of f0's amplitude follow the previous prediction from Li et al. (2010) , which is mentioned in Section 6.1.
Following Fu et al. (2013) , the 'pulsation power' of AN Lyn can be calculated in mmag
in which fi the resolved frequency including the independent one and the linear combination, Ai the amplitude. 2008 to 2016, synchronizing with the changes of the amplitude of the dominant frequency as shown in Figure 7 .
CONSTRAINTS FROM THEORETICAL MODELS
We use Modules of Experiments in Stellar Astrophysics (MESA) to calculate stellar models. MESA is a group of source-open, powerful, efficient, thread-safe libraries for a wide range of applications in computational stellar astrophysics (Paxton et al. 2011 (Paxton et al. , 2013 . MESA can simulate 1-D stellar evolution with a wide range of parameters from verylow mass to massive stars. The parameters we adjusted are the stellar mass M and the metal abundances Z. The mass range is from 1. is the theoretically calculated frequency while f obs i the observed one. Figure 9 shows the relation among χ −0.5 , M and Z. Finally, a model with M of 1.70 M⊙ and Z of 0.020 is taken as the best-fit model due to the minimum χ 2 value. Figure 10 shows the theoretical evolutionary tracks where the best-fit model is marked with the cross on the H-R diagram. The best-fit model has the parameters as: Z = 0.020±0.001, M = 1.70±0.05 M⊙, log T eff = 3.8201±0.0002, log g = 3.890 ± 0.005, log L = 1.0126 ± 0.0003, age = (1.33 ± 0.01) × 10 9 yr , 1/P · dP/dt = 2.142 × 10
with χ 2 of 0.00005 d 2 . Table 5 lists the observed and corresponding theoretical frequencies of the best-fit model. The typical difference between the theoretical and the observed frequency is 0.001 d −1 . Peña et al. (2015) gave the parameters of AN Lyn as log g = 3.8±0.1 and log T eff = 3.8±0.1, which are consistent with the corresponding values of the best-fit model within the range of three times of the uncertainties. As for the period change rate, there is an apparent conflict between the theoretical and the observed value. One can find that the prediction from the model is 1/P · dP/dt = 1.06 × 10 −9 yr −1 while the measurement from the O-C diagram mentioned in next Section is 4.5(8) × 10 −7 yr −1 , much larger by a factor of 424.
The distance can be calculated based on the predicted log L. The result, 453 pc, is not consistent with the photometry estimation and the parallax measurement mentioned in section 1. The discussion is made in section 6.2 in which the reason will be attributed to the components in the threebody system. Peña et al. (2015) . We derive 124 times of maximum light from our observations, in which 64 ones in V band and 35 in R band determined from the data with the 85-cm telescope of Xinglong station of China, 9 in V band and 9 in R band with the 84-cm telescope of the SPM observatory of Mexico, 4 in V band and 3 in R band with the Nanshan One meter Wide field Telescope of Xinjiang Observatory of China. The times of maximum light are determined with the threeorder polynomial fitting of the light curves. The errors are estimated with the Monte-Carlo simulation. Table A1 lists the newly-determined times of maximum light. 
O-C ANALYSIS
A parabolic fit is made for the O-C data in order to deduce the period variation rate (1/P ·dP/dt). An undulatory shape of distribution of the residual emerges after removing the parabolic trend. Hence it is reasonable to fit the O-C data by including both the parabolic and the sinusoidal function as follows,
where O − C means the value calculated by Equation 4. δT0 means the correction of the first time of maximum light while δP the correction of the pulsation period. A, Π and φ stand for the amplitude, the period and the phase of the sinusoidal function, respectively. The fit is shown in Figure 11 (a). Three groups of points are not used in the fit because of their apparent deviations, marked with the black cross in Figure 11 . Table 6 lists the coefficients of Equation 5. One can deduce that the period change rate 1/P · dP/dt = 4.5(8) × 10 −7 yr −1 and the orbital period of binary is 23.0 ± 0.3 yr.
Concerning the theoretical prediction from the model in Section 4, the observation-determined period change rate is around 424 times larger than the theoretical value. Such a dramatic contradiction indicates an unusual cause of period change, other than the evolutionary effect. We guess that it could be caused by the light-travel time effect in a threebody system. The undulatory shape in the O-C diagram could be the evidence of a short-axis component (the second component, M2) while the parabola trend reflects a long-axis massive component (the third component, M3). We try to do Fourier Decomposition of the O-C data and fit it by using the two orbital frequencies,
in which Ai is the amplitude of the orbital motion in days 
0.012(4) −7(2) × 10 −7 1.2(2) × 10 −11 0.0120(4) 8.4(1) × 10 3 0.72 (2) and Πi the period, Z the zero-point. The result shows that there are two periods in the O-C data: Π2 = 24 ± 2 yr, Π3 = 66 ± 5 yr. The fit is shown in Figure 11 (b).
The three groups of discarded data points marked with cross in Figure 11 show an unexpectable discrepancy with the fitted trend, which is the reason for them to be moved out in our analysis. Hubscher (2005) ; Hubscher et al. (2005 Hubscher et al. ( , 2006 ; Klingenberg et al. (2006) reported the data and Li et al. (2010) used them for O-C analysis firstly. However, by collecting more data, Peña et al. (2015) presented a more convincing result, showing a systematic deviation of these three groups of data points from the fitted curve on the O-C diagram. Our observations provide six years of extension of data point distribution, supporting the fit of Peña et al. (2015) rather than that of Li et al. (2010) . ( Fu et al. 2013; Handler et al. 2003; Bell et al. 2015) etc. The mechanisms that are responsible for the amplitude variations may be attributed to either intrinsic or external reasons. The latter includes the tidal effect due to a component star, like an interesting example given by Bear & Soker (2014) . In this assumption, amplitude variations should be synchronized with the orbital motion. We collect the amplitude and period variation data of f0 from Li et al. (2010) and added the data mentioned in Section 3.2. The period in each epoch is calculated from the O-C's slopes extracted parabolic part. Figure 12 shows the amplitude, period deviation (∆P = P −0 d .09827447) and O-C fluctuations of AN Lyn. The period of f0 amplitude variation is 22.4 ± 1.1 yr and the one of ∆P is 22.9 ± 1.5 yr, while the period of the O-C data is 23.0 ± 0.3 yr. The accordance of these three values of period is a strong indication that the companion star can change the pulsation amplitude of AN Lyn. The maximum value of orbital radial velocity is only 2.4 km/s calculated with Doppler effect ∆Pmax/P = v/c. Nevertheless, two radial velocities provided by Hintz et al. (2005) varied very much (11.4 km/s in 2003 and 36.8 km/s in 2004), which might be due to the zero-point shift of the instrument, rather than the motion of AN Lyn due to binarity.
Three-body Hypothesis
As illustrated in Section 4 and Section 5, the contradiction of period change rate from the O-C observations and the theo- .09827447 in unit of 2.3×10 -7 days Figure 13 . Relation between the lower limit of the third component's mass and the initial period value in the ephemeris equation. Table 7 . Parameters of the three-body system. Freq stands for the frequency of the O-C diagram; P correspond period of frequency; Amp for the amplitude; a min the lower limit of the semimajor axis while M min the lower limit of the component's mass.
retical predictions implied the possibility of the existence of three components of the AN Lyn system. Based on the orbital period and the lower limit of semi-axis deduced by the O-C's amplitudes, the lower limit of the two components' masses can be estimated by the Kepler third law:
4π 2 a 3 3
where m1, m2 and m3 are the masses of AN Lyn and the two companions, a2,3 and T2,3 are the semi-axes and the periods of the two orbits, respectively. Due to the stability of this system, the axis of the orbit of the third component should be long enough so that the gravity force on the third component equals approximately to the synthesised force of gravity from both AN Lyn and the second component. To be quantitative, the ratio of a3 and a2 should be larger than or equal to 3 (Harrington 1972) . The parameters of the three-body system are listed in Table 7 . The existence of two components with minimum masses of ∼ 0.4M⊙ and ∼ 0.5M⊙ respectively implies that the evolutionary history of the AN Lyn system is mysterious. Hintz et al. (2005) displayed a high resolution spectrum of AN Lyn in the region of Hβ. It seems that there isn't any spectral line from other stars, which indicates that the luminosities of the two components should be much lower than that of AN Lyn, implying that they are compact stars or red dwarf. However, the axis of the third component's orbit a3 depends on the initial value of period in Equation 4. A wrong period value would enlarge variations in the O-C diagram, and increase a3, making the parameters of the third component uncertain. We fit the O-C data calculated by different initial linear ephemerides and deduce the lower limit of the third component's mass displayed in Figure 13 . One can find that the minimum value of mass of the third component is ∼ 0.5M⊙, corresponding to the initial ephemeris in Equation 4.
The stellar model given in section 4 reveals the luminosity of AN Lyn and the distance can be calculated based on the luminosity and the visual magnitude. The result is 453 pc, which is narrowly consistent with Gaia's observation within the range of three times of uncertainty. The huge discrepancy may be posed by the influence of the light emitted from other two components in the three-body system. The asteroseismic analysis only gives the luminosity of AN Lyn. However, the visual magnitude from the photometry is the sum of three components' brightnesses. The visual magnitude and the absolute magnitude are mismatched so that the system is brighter than that AN Lyn should be. Finally, the distance is shorter than that from the the parallax observation.
CONCLUSIONS
After 8-year observations, the δ Scuti star AN Lyn are investigated and analysed further. Two independent frequencies are resolved from a one-week bi-site observation campaign, including one non-radial mode. Amplitude variations of the three frequencies and their linear combinations are detected. The amplitude of the main frequency in V has been changing with time while the other frequencies keep their amplitudes stable.
Stellar models are constructed and the theoretical frequencies are fitted with the two observed frequencies. The minimum value of χ 2 gives the best-fit model, showing that AN Lyn locates near the terminal age main sequence on the H-R diagram with M of 1.70 ± 0.05 M⊙, Z of 0.020 ± 0.001 and age of 1.33 ± 0.01 billion years.
O-C diagram of AN Lyn is made with the new observation data together with those in the literature. Since the determined period change rate is much larger than the theoretical prediction due to the evolutionary effect, the variations in the O-C diagram show the evidence of the light-travel time effect in a three-body system with two low-luminosity components, with masses larger than 0.4M⊙ and 0.5M⊙, respectively.
Future observation is needed to confirm this hypothesis, including both high-quality time-series photometry and radial velocity observations. Spectroscopic observations in the ultraviolet and infrared bands are also necessary in order to confirm the type of the components. Rostopchina, A., Breger, M., & Hansen, G. 2013 , American Astronomical Society Meeting Abstracts #221, 221, 354.24 Sterken, C. 2005 , The Light-Time Effect in Astrophysics:
Causes and cures of the O-C diagram, 335, 3 Yamasaki, A., Okazaki, A., & Kitamura, M. 1981 , PASP, 93, 77 Zhou, A.-Y. 2002 Table 2 . c 0000 RAS, MNRAS 000, 000-000 Table A1 . Newly-determined times of maximum light of AN Lyn. Tmax is the times of maximum light in Helio-centric Date-2450000. 
